ABSTRACT Lethal mutagenesis is a broad-spectrum antiviral strategy that employs mutagenic nucleoside analogs to exploit the high mutation rate and low mutational tolerance of many RNA viruses. Studies of mutagen-resistant viruses have identified determinants of replicative fidelity and the importance of mutation rate to viral population dynamics. We have previously demonstrated the effective lethal mutagenesis of influenza A virus using three nucleoside analogs as well as the virus's high genetic barrier to mutagen resistance. Here, we investigate the mutagen-resistant phenotypes of mutations that were enriched in drug-treated populations. We find that PB1 T123A has higher replicative fitness than the wild type, PR8, and maintains its level of genome production during 5-fluorouracil (2,4-dihydroxy-5-fluoropyrimidine) treatment. Surprisingly, this mutagen-resistant variant also has an increased baseline rate of C-to-U and G-to-A mutations. A second drug-selected mutation, PA T97I, interacts epistatically with PB1 T123A to mediate high-level mutagen resistance, predominantly by limiting the inhibitory effect of nucleosides on polymerase activity. Consistent with the importance of epistatic interactions in the influenza virus polymerase, our data suggest that nucleoside analog resistance and replication fidelity are strain dependent. Two previously identified ribavirin {1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-1H-1,2,4-triazole-3-carboxamide} resistance mutations, PB1 V43I and PB1 D27N, do not confer drug resistance in the PR8 background, and the PR8-PB1 V43I polymerase exhibits a normal baseline mutation rate. Our results highlight the genetic complexity of the influenza A virus polymerase and demonstrate that increased replicative capacity is a mechanism by which an RNA virus can counter the negative effects of elevated mutation rates.
I
nfluenza A virus (IAV) remains a persistent health threat due to its high rate of evolution (1) . This high rate of evolution is attributable, in part, to the virus's very high mutation rate (2) (3) (4) (5) . Influenza A virus rapidly acquires antigenic changes and antiviral resistance, which limit the effectiveness of vaccines and antiviral drugs (6, 7) . As in many RNA viruses, influenza A virus's low fidelity is due to the absence of proofreading and repair mechanisms during genome replication (8) (9) (10) . We have previously estimated the IAV mutation rate to be greater than 1 ϫ 10 Ϫ4 mutations per nucleotide per RNA strand replicated, which suggests that approximately 2 new mutations are introduced into every newly synthesized genome (2) (3) (4) (11) (12) (13) . As a result, IAVs exist as swarms of distinct genetic variants, which provide a rich substrate for natural selection of adaptive mutations.
While some mutations are beneficial to a virus, the vast majority of mutations are detrimental (14) . In IAV, we have found that 30% of single nucleotide changes are lethal and 70% decrease replicative fitness (15) . Lethal mutagenesis is an antiviral strategy that utilizes nucleoside analogues to increase a virus's mutation rate and the frequency of deleterious or lethal mutations (16, 17) . The effectiveness of lethal mutagenesis has been demonstrated in many viral systems, including poliovirus, human immunodeficiency virus, foot-and-mouth disease virus (FMDV), lymphocytic choriomeningitis virus, and IAV (18) (19) (20) (21) (22) (23) (24) . A hallmark of lethal mutagenesis is a reduction in virus specific infectivity due to the increased genesis of genomes that do not encode a functional complement of viral proteins. In addition to their mutagenic effects, many nucleoside analogs also inhibit the activity of viral RNA-dependent RNA polymerases (RdRp) (25) (26) (27) (28) .
While initially thought to be a resistance-proof strategy, RNA virus mutants that are resistant to lethal mutagenesis have been identified by serial passage of viral populations in low concentrations of drug (22, (29) (30) (31) (32) (33) (34) . In most cases, mutagen-resistant variants encode polymerases that exhibit increased replication fidelity, and characterization of these mutants has elucidated the molecular mechanisms governing mutation rate. With a lower baseline mutation rate, these variants require higher concentrations of mutagenic drug to increase the viral mutation rate to the same level as a wild-type (WT) virus.
Other mechanisms of nucleoside resistance have been reported for RNA viruses. Polymerase mutations in FMDV mediate resistance by selecting against nucleoside misincorporation, possibly biasing the virus' mutation spectrum (35, 36) . Interestingly, a mutation in the polymerase-associated 2C protein of FMDV also appears to alter mutagen-induced mutational bias (37) . The DNA bacteriophage X174 mitigates the impact of mutagenesis by delaying lysis and increasing its burst size, a mechanism of genetic robustness that paradoxically maintains unmutagenized progeny (38, 39) . Finally, a virus's primary sequence also affects mutagen sensitivity through its genetic robustness or ability to buffer the fitness effects of mutations (40, 41) . Collectively, these works have elucidated how mutation rate and mutational tolerance shape the diversity and structure of RNA virus populations.
Current models of lethal mutagenesis and mutagen resistance are derived almost entirely from studies of positive-sense RNA viruses. In contrast to this large group of viruses, IAV replicates its genome using a heterotrimeric replicase complex. This complex consists of the PB2, PA, and PB1 proteins, which have 5=-cap binding, 5=-cap stealing, and RdRp activities, respectively (42) . The constraints of this polymerase complex may alter the genetic barrier to mutagen resistance or its potential mechanisms. Two polymerase variants with reduced sensitivity to the mutagen ribavirin {1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-1H-1,2,4-triazole-3-carboxamide} have been reported for IAV. The PB1 V43I mutation was identified as a minority variant upon serial passage of A/Wuhan/35/95 (H3N2) in low concentrations of ribavirin and appears to have altered fidelity in that genetic background (22) . A second mutation, PB1 D27N, was recovered in a screen for PB1 mutants in A/WSN/33 (H1N1) that maintained RNA synthesis during ribavirin treatment (43, 44) .
We previously demonstrated the mutagenic activities of ribavirin, 5-azacytidine 
RESULTS
We have previously shown that serial passage of influenza A virus PR8 in low concentrations of ribavirin, 5-fluorouracil (5FU), or 5-azacytidine does not select for population-wide resistance over 16 passages (23) . This result did not preclude the possibility that there were resistance mutations present at a low level within these populations or that their phenotypic effect was masked by the impact of mutations elsewhere in the genome. Consistent with this hypothesis, next-generation sequencing revealed a number of mutations that were shared among drug-passaged populations and that did not achieve fixation (23) . We identified candidate resistance mutations in the PB2, PB1, and PA open reading frames based on their presence in mutagenpassaged viral populations and absence in either the starting population or control populations passaged without drug treatment. Three nonsynonymous mutations met these criteria. The PB1 T123A mutation was found in all three 5FU-passaged populations at frequencies of 34, 31, and 8%. The PA T97I mutation was found in all three ribavirin-passaged populations at frequencies of 88, 55, and 11%. We also identified the PB1 M645I mutation at frequencies of 90, 14, and 1% in the same ribavirin-passaged populations. The ribavirin-resistant mutation PB1 V43I was not found in any of the populations, and PB1 D27N was only found in one ribavirin-passaged population at a frequency of 3%. We introduced each of these five mutations into a clean PR8 genetic background. We also generated the PB1 T123A PA T97I and PB1 M645I PA T97I double mutants. The PB1 M645I PA T97I double mutant was identified in our ribavirin-passaged viral populations. The PB1 T123A PA T97I double mutant was not found naturally, but these mutations on distinct segments could plausibly interact genetically.
Mutagen sensitivity. Given their enrichment in drug-passaged populations, we hypothesized that one or more of the mutations in the polymerase complex would mediate mutagen resistance. We tested each of the variant polymerases for reduced nucleoside sensitivity by comparing titers after replication of the corresponding virus populations in mock-or drug-treated cell cultures 24 h postinfection (Fig. 1A) . We selected drug concentrations that would decrease infectious viral titers by 3 to 4 orders of magnitude so that we could observe a range of resistance phenotypes, while limiting cytotoxicity. The concentrations used-20 M ribavirin, 20 M 5-azacytidine, and 100 M 5FU-were roughly 3 times higher than those in which our mutants were selected (23) .
The PB1 T123A mutation, which was identified in 5FU-passaged populations, conferred a 10-fold reduction in sensitivity to 100 M 5FU (Dunnett's adjusted P value of Ͻ0.0001) but no change in sensitivity to 20 M ribavirin or 20 M 5-azacytidine. Interestingly, PA T97I, which was identified only in populations passaged in ribavirin, conferred resistance to 100 M 5FU (5-fold sensitivity reduction; Dunnett's adjusted P value of 0.0048), but not to 20 M ribavirin or 20 M 5-azacytidine. The other mutation enriched in ribavirin-passaged populations, PB1 M645I, did not alter sensitivity to any of the three nucleoside analogs. We found that the two previously identified ribavirin-resistant mutants, PB1 D27N and PB1 V43I, were just as sensitive as the wild-type PR8 strain to both ribavirin and 5FU. The PB1 D27N mutant appeared to be more sensitive than WT PR8 to 5-azacytidine (18-fold increase; Dunnett's adjusted P value of 0.0089). These data suggest that the resistance phenotypes of PB1 D27N and PB1 V43I are dependent on strain background. Of the five single mutants tested, only PB1 T123A and PA T97I exhibited reduced sensitivity to our panel of nucleoside analogs. The decrease in the log 10 infectious titer for drug-treated samples relative to untreated samples for each virus is shown. Data are from two to three independent experiments with each virus with three replicate samples per experiment. All data points are plotted along with the mean. The statistical significance of the decrease in the base 10 logarithmic titer of each mutant relative to WT PR8 was determined by one-way analysis of variance (ANOVA) with a Dunnett's multiple-comparison test. **, P Ͻ 0.01; ****, P Ͻ 0.0001.
The PB1 M645I PA T97I double mutant, which was identified in ribavirin-passaged populations, exhibited a pattern of nucleoside analog sensitivity that was very similar to the PA T97I single mutant but which did not achieve statistical significance (3-fold reduction in sensitivity to 5FU; Dunnett's adjusted P value of 0.157). Surprisingly, the PB1 T123A PA T97I double mutant, which was not found in passaged populations, exhibited a 54-fold reduction in sensitivity to 100 M 5FU (Dunnett's adjusted P value of Ͻ0.0001). Paradoxically, this double mutant was more sensitive to treatment with 20 M 5-azacytidine than WT PR8 (15-fold increase; Dunnett's adjusted P value of 0.0053). Thus, these two mutations were synergistic with respect to 5FU resistance while at the same time increasing 5-azacytidine sensitivity.
Replicative fitness. Mutagen-resistant variants often have a fitness defect compared to their wild-type counterparts. We used a serial passage competition assay (15) to measure the replicative fitness of each mutant virus relative to the WT PR8 and also performed growth curves to quantify RNA genome production. In the absence of mutagenic drug, we identified a range of fitness effects among the polymerase mutants ( Fig. 2A) . The PB1 T123A virus was more fit than the WT, even out of the drug, and released more genomes into the supernatant early in replication than either WT or the other mutants (Fig. 2B ). Both PB1 M645I and PA T97I were essentially neutral. The PB1 1, and quantitative RT-PCR was used to measure the genome copy number in supernatants. The data were analyzed using a two-way ANOVA, and mutant viruses were compared with the WT using Sidak's multiple-comparison test. (C) The experiment was performed as in panel B, except that genome copy number in the cellular fraction was measured. (D) Competition assays were performed as described above for the PB1 T123A, PA T97I, and PB1 T123A PA T97I mutants in the presence of 5-fluorouracil. For each virus, a one-way ANOVA with Dunnett's multiple-comparison test was used to compare the relative fitness of drug-treated virus to nontreated virus. **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001.
T123A PA T97I double mutant, which was highly resistant to 5FU, exhibited reciprocal sign epistasis, as it had a marked decrease in fitness while each single mutant mutation was beneficial or neutral. Consistent with the lower fitness of this mutant, it produced fewer genomes than the wild type (Fig. 2B ). The rate of genomic RNA production in cells for each of the mutants largely mirrored the rate of release into the cell-free fraction, suggesting that our measurements of viral RNA in supernatants reflect the kinetics of RNA synthesis (Fig. 2C ). However, we cannot formally exclude an additional effect of these PB1 and PA mutations on RNA packaging and assembly.
The PB1 M645I PA T97I double mutant had higher fitness than the WT, which indicates that selection of PB1 M645I in ribavirin-passaged populations reflected culture adaptation rather than mutagen resistance. Both PB1 D27N (0.70 Ϯ 0.09) and PB1 V43I (0.47 Ϯ 0.08) had dramatically reduced fitness compared with WT. These fitness values are on the lower end of the distribution of mutational fitness effects for point mutants of influenza A virus (15) . The decreased fitness of PB1 V43I is consistent with previous data on its growth kinetics (22) . As PB1 M645I, PB1 D27N, and the PB1 M645I PA T97I double mutant were not resistant to any of the nucleoside drugs, we did not analyze them further.
We measured the fitness of PB1 T123A, PA T97I, and the PB1 T123A PA T97I double mutant in the presence of 25 and 50 M 5FU to better quantify their mutagen sensitivity. We used lower concentrations of drug in this serial passage experiment to avoid population extinction (23) (100 M [ Fig. 1]) . We found that the relative fitness of all three 5FU-resistant variants increased significantly when competed in drug, but that the double mutant only competed effectively with the WT at the highest drug concentrations (Fig. 2D ). These data indicate that the three mutant viruses have variable resistance to 5-fluorouracil. The range of fitness values that we observed suggests that each has a different mechanism of resistance.
Mutation rate. The most commonly identified mechanism of mutagen resistance in RNA viruses is altered baseline polymerase fidelity. We determined the baseline mutation rate of our three 5FU-resistant variants using a Luria-Delbrück fluctuation test that can measure the rates of all 12 mutational classes (13) (Fig. 3) . We also evaluated PB1 V43I, which has been reported to be a fidelity variant (22, 45) . We used this novel fluctuation test to interrogate four of the most common mutational classes (A to G, C to U, G to A, and U to C), for which the assay has the greatest discriminatory power. These same mutational classes are also those most affected by 5FU treatment. Both PA These data points are indicated with solid symbols. In some cases, the amount of replicated virus was sufficiently low and the mutations were sufficiently rare that we were not able to obtain replicate fluctuation tests in which the null class lay within this ideal range. Those outside that range, with P 0 values between 0.7 and 0.9, are shown as open symbols. Arithmetic means are shown for at least three replicate measurements. The statistical significance of the differences in mutation rates for each mutation class of each mutant relative to WT PR8 was determined by one-way ANOVA with Dunnett's multiple-comparison test. *, P Ͻ 0.05; **, P Ͻ 0.01.
T97I and the PB1 T123A PA T97I double mutant had mutation rates that were very similar to those of the WT. Unexpectedly, PB1 T123A made significantly more C-to-U and G-to-A mutations than the WT. While we cannot rule out differences in the rates of transversion mutations, these less common mutation classes would be unlikely to affect overall polymerase fidelity. The PB1 V43I mutant had no evident resistance to nucleoside analogs or altered mutation rate in the PR8 genetic background. As the fidelity and resistance phenotypes of this mutation were demonstrated in the A/Wuhan/359/95 H3N2 strain, we suggest that its effects could be modulated by epistatic interactions within the PR8 polymerase complex.
We next assessed the impact of drug treatment on the mutation rates of these polymerase mutants. We used 15 M 5FU because the larger reductions in titer with higher drug concentrations preclude precise measurements of mutation rates in our fluctuation test. Again, we measured the rates of the four transition mutation classes impacted by 5FU (Fig. 4) . The increase in transition mutations in the PA T97I mutant with 5FU treatment was similar to that of the WT. In contrast, the PB1 T123A mutant, which has an increased baseline rate of C-to-U and G-to-A mutations, selectively buffers against further drug-induced increases in the same classes. This phenotype is most pronounced for C-to-U mutations. While 15 M 5FU increased all transition mutations approximately 5-fold in PR8, we observed almost no change in C-to-U mutations in the Fig. 3 , the solid symbols indicate measurements for which the null class (P 0 ) lay within the ideal range of 0.1 and 0.7, and open symbols indicate measurements for which P 0 was between 0.7 and 0.9. For each virus and mutational class, the statistical significance of the difference in mutation rates in the presence and absence of 5-fluorouracil was determined using t tests and the Holm-Sidak correction for multiple comparisons. *, P Ͻ 0.05; ns, not significant. PB1 T123A mutant. The PB1 T123A PA T97I double mutant also buffers against C-to-U mutations induced by 5FU, albeit not as dramatically as the PB1 T123A single mutant. Together, these data show that PB1 T123A has an increased rate for two transition mutation types while also limiting further induction by 5FU treatment.
Genome infectivity. Increases in viral mutation rates are often accompanied by decreases in the specific infectivity of the population. Accordingly, a virus resistant to the mutagenic effects of a nucleoside analog would be expected to exhibit a smaller decrease in specific infectivity upon drug treatment. We measured the effect of 100 M 5FU on the specific infectivity of the three resistant mutants by measuring the number of infectious particles per genome. In the absence of drug, all three had a specific infectivity similar to that of the WT (Fig. 5A) . Drug treatment reduced the specific infectivity of all three mutants, consistent with the drug's mutagenic effects (Fig. 5B) . In all cases, the magnitude of the effect was similar to that of treated WT viruses. These data indicate that the observed decrease in 5FU-induced C-to-U mutations in PB1 T123A virus is not sufficient to cause a corresponding change in specific infectivity. The observed decreases in specific infectivity in 5FU are more likely due to the more common A-to-G and U-to-C mutation classes. Therefore, the limited class-specific 50 , and the genome copy number was measured by quantitative RT-PCR. The specific infectivity was calculated as the titer divided by the genome copy number. (A) Baseline specific infectivity of each virus without drug treatment. A representative experiment with three replicates is shown. The absolute specific infectivity varied from experiment to experiment, but the specific infectivity of each mutant relative to the wild type did not. (B) Decreases in the log 10 specific (Spec) infectivity for 100 M 5-fluorouracil-treated samples relative to nontreated samples are shown for replicate measurements from two or three individual experiments. There were no statistically significant differences when the data were analyzed using a one-way ANOVA.
fidelity phenotype of PB1 T123A is unlikely to contribute significantly to the virus' mutagen resistance.
Genome production. Given that the resistance phenotype of our three polymerase variants was not due to altered fidelity, we evaluated their ability to resist 5FU-mediated inhibition of genome synthesis. We assessed the kinetics of genome replication and virus production in the presence and absence of 100 M 5FU by measuring the number of genomes in the supernatants of cells infected with each viral mutant. Treatment with 5FU caused a 10-to 100-fold decrease in genome copies generated by the WT relative to controls (Fig. 6) . The PA T97I mutant exhibited a similar decrease in genome output in drug. In contrast, we observed smaller decreases in genome production in drug for both PB1 T123A and PB1 T123A PA T97I, especially at later time points. At 24 h postinfection, there was no significant difference in the number of genomes for PB1 T123A. The PB1 T123A PA T97I double mutant maintained its generally lower level of genome production across multiple time points, consistent with epistatic interactions between these mutations and their impact on 5FU resistance.
DISCUSSION
Mutagen-resistant variants have been a valuable tool for probing the determinants of RNA virus mutation rates and the effect of mutation rate on viral population diversity (9, 10, 22, (29) (30) (31) (32) . We therefore investigated the mechanisms through which influenza virus can resist the antiviral effects of nucleoside analog drugs. We identified PB1 T123A and PA T97I as two 5-fluorouracil resistance mutations that interact epistatically. We also found evidence for epistasis in the previously identified ribavirin resistance mutants PB1 D27N and PB1 V43I, as they remain sensitive to the drug in the PR8 genetic background. The three mutagen-resistant viruses reported here are not high-fidelity variants, and the PB1 T123A variant paradoxically exhibits a higher baseline mutation rate for certain mutational classes. We identified maintained genome output as the . Genome production over time was compared in the presence and absence of drug for each virus using a two-way ANOVA with a Sidak multiplecomparison test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001; ns, not significant. main mechanism of 5-fluroruracil resistance for PB1 T123A and resistance to drugmediated RdRp inhibition as the mechanism for the PB1 T123A PA T97I double mutant.
While the literature on lethal mutagenesis and fidelity variants has largely focused on viruses with a monomeric RdRp, the influenza replicase complex is composed of three proteins: PB1, PB2, and PA (42, 46, 47) . The PB1 protein is the RdRp, which is shaped like a right hand with the fingers and thumb domains enclosing the palm-based active site. Mutations that alter the fidelity of RNA virus replication have rarely been observed within the active site of the RdRp (48-50). The PB1 T123 mutation is located within the fingers' domain, near where the RNA template enters the RdRp active site, while PA T97 is located far from the RdRp active site in the endonuclease domain of this PB1-associated protein. We suggest that the nature of the influenza virus polymerase complex allows for an array of intergenic, and possibly intragenic, epistatic interactions that mediate both replication fidelity and mutagen resistance.
We identified PB1 T123A as a mutation that mediates resistance to 5FU, but not ribavirin or 5-azacytidine. While mutagen selection has been used to identify highfidelity variants in a number of viral systems, the PB1 T123A virus actually has a marginally elevated mutation rate. This reduced fidelity is class specific, with the largest increase in C-to-U transitions. Despite its higher mutation rate, this virus had higher replicative fitness than the WT and released more genomes into the supernatant at the early stages of replication. Furthermore, its baseline specific infectivity was similar to that of the WT. We also found that while the baseline C-to-U mutation rate is higher for this mutant, the mutagenic effect of 5FU on this mutational class is dramatically reduced. This phenotype is similar to that of the ribavirin-resistant FMDV mutant 3D M296I (34, 51) and may reflect increased selectivity against misincorporation of 5FU. Our finding of reduced mutagenesis, however, seems inconsistent with the specific infectivity decrease we observe upon drug treatment. This may indicate that 5FU-mediated increases in the two most common mutation classes (A to G and U to C) are the main contributor to the observed decrease in specific infectivity with drug treatment. The most likely mechanism of resistance appears to be through its increase in replicative fitness in the absence of drug (Fig. 2) . Importantly, the mutant also maintained its genomic output in the presence of 5FU, a phenotype augmented by PA T97I (Fig. 6 [see below] ). The fact that PB1 T123A did not counter the detrimental effects of ribavirin and 5-azacytidine suggests that the resistance phenotype mediated by PB1 T123A is not broadly applicable to other nucleoside analogs.
The other mutation we investigated was located in the PB1-associated protein PA. This mutant, PA T97I, exhibited fitness and genome production phenotypes that were very similar to those of the wild type. Interestingly, this mutant was selected during ribavirin treatment but was resistant to 5FU and not ribavirin. This mutant closely mirrored PB1 T123A in terms of its smaller decreases in infectious titer upon treatment with 5FU. Unlike PB1 T123A, the baseline and 5FU-induced mutation rates of PA T97I are similar to those of the wild-type virus for all transition mutation classes. This mutant also exhibited decreases in genome production and release during 5FU treatment that were similar to those of the WT. It is currently unclear how PA T97I mediates its resistance to 5FU. Since its resistance was more pronounced at higher concentrations of 5FU, it is possible that the technical limitations in the amount of 5FU we could use for accurate mutation rate measurements prevented us from observing a subtle phenotype.
Even though PB1 T123A and PA T97I evolved in different passage cultures, we combined them to make a double mutant. Serendipitously, we found that this double mutant exhibited the most dramatic 5FU resistance phenotype of any of the mutants we tested. These two mutations led to a reduced fitness phenotype characteristic of reciprocal sign epistasis; the combination of a mutant with increased fitness (PB1 T123A) with a neutral mutant (PA T97I) led to a double mutant with very low fitness and significantly reduced genomic RNA output. At the concentrations of 5FU used for selection of resistant variants, this double mutant has a fitness lower than that of the wild type, even though it is highly resistant to the drug. This finding likely explains why it did not arise within our experimentally evolved populations. The double mutant virus had a nearly identical spectrum of transition mutation rates to the wild-type virus, and the double mutation only slightly mitigated the mutagenic effect of 5FU on C-to-U mutations. Drug resistance seems to be driven primarily by maintaining high genomic output during 5FU treatment, an effect that appears to be more pronounced than that of the PB1 T123A single mutant (Fig. 6 ). Treatment with a nucleoside analog led to almost no reduction in the number of genome segments that are released from infected cells. This mechanism allows for more infectious viral particles to be produced than in the wild type despite similar levels of mutagenesis and specific infectivity decreases.
Our examination of two other mutagen-resistant variants further suggests the importance of epistatic interactions within the influenza virus polymerase complex. Previously, PB1 D27N was identified as a mutation that limited ribavirin inhibition of RNA synthesis in a replicon system (43, 44) . We find that this mutant is not resistant to ribavirin or other mutagenic nucleoside analogs in a replication-competent PR8 virus. Additionally, we found that the mutagen resistance and fidelity phenotype of PB1 V43I is strain dependent. This mutation, which mediates ribavirin resistance in the A/Wuhan/ 359/95 H3N2 and A/Vietnam/1203/1204 H5N1 strains, is sensitive to drug in the PR8 genetic background (22) . The PB1 V43I mutant, which has been suggested to be a fidelity variant even in the PR8 background (45), shows no difference in the rate of transition mutations in PR8. These findings suggest that there are likely to be epistatic interactions governing polymerase activity and fidelity in influenza virus and that the ability of one virus to evolve resistance to a mutagen may not be reflective of how another strain evolves in the face of the same selective pressure.
While the field has often focused on the mutagenic effects of nucleoside drugs, our results suggest that their effect on viral replicative capacity may be more important in influenza virus. Both PB1 T123A and PB1 T123A; PA T97I are able to effectively maintain their titers in drug by limiting the impact of 5FU on genome production. We have previously shown that the decreases in specific infectivity associated with nucleoside analog treatment (up to 10-fold) are much smaller than the effect of these compounds on infectious titer output (Ͼ1,000-fold) (23) . The identification of resistant variants that maintain genome output with little impact on specific infectivity suggests that inhibition of RdRp activity is the main mechanism of action for 5FU. As we did not identify mutations that mediate ribavirin or 5-azacytidine resistance, we cannot say whether mutagenic or nonmutagenic mechanisms are dominant for these drugs.
Finally, we show that polymerases with increased replicative capacity can counteract the mutagenic effects of nucleoside drugs. This is a less-recognized mechanism of mutational robustness, but one that is entirely consistent with population genetic theory (39, 52) . The efficiency of negative selection is the product of the effective population size and the average mutational fitness effect. Increased genome production and release will lead to larger populations, and strong selection will quickly purge the large numbers of mutants with lower fitness, leaving the most fit sequence to dominate the mutant spectrum. This "safety in numbers" phenomenon leads to population-level mutational robustness, even in the setting of individual-level hypersensitivity. Therefore, studies of mutagen resistance continue to provide new insights into the biochemistry of RNA virus replication and fundamental aspects of their population genetics.
MATERIALS AND METHODS
Cells, viruses, plasmids, and drugs. Human embryonic kidney 293T fibroblasts were provided by Raul Andino (University of California-San Francisco). Madin-Darby canine kidney (MDCK) cells were provided by Arnold Monto (University of Michigan). Both cell lines were maintained in growth medium (Dulbecco's modified Eagle medium [11965; Gibco] supplemented with 10% fetal bovine serum and 25 mM HEPES) at 37°C and 5% CO 2 in a humidified incubator.
MDCK cells expressing the hemagglutinin (HA) protein of influenza virus A/Puerto Rico/8/1934 H1N1 (MDCK-HA cells) were generated by cotransfection with a pCABSD plasmid that expresses a blasticidin S resistance gene and a pCAGGS plasmid encoding the influenza virus A/Puerto Rico/8/1934 H1N1 HA gene (53, 54) . Cells stably expressing HA were selected in growth medium containing 5 g/ml blasticidin S and were enriched for high HA expression by staining with an anti-HA antibody (c179, 1:1,000 dilution; TaKaRa) and an Alexa 488-conjugated anti-mouse IgG (A11001, 1:200 dilution; Life Technologies, Inc.) followed by fluorescence-activated cell sorting on a FACSAria II (BD Biosciences). Over the course of 5 passages, cells were sorted three times to achieve a final population in which Ͼ99% of cells were positive for high-level HA expression.
All eight genomic segments of influenza virus A/Puerto Rico/8/1934 H1N1 (PR8) (ATCC VR-1469) were cloned into the pHW2000 vector (11) . Briefly, genomic RNA was harvested from the supernatants of infected cells using TRIzol reagent (15596; Life Technologies, Inc.). Complementary DNA was synthesized by reverse transcription-PCR (RT-PCR) using SuperScript III (18080051; Invitrogen) and Phusion highfidelity DNA polymerase (M0530; New England Biolabs) with primers described by Hoffmann and colleagues (55) . PCR products and pHW2000 were digested using BsmBI (R0580; New England Biolabs), BsaI (R0535; New England Biolabs), or AarI (ER1581; Thermo Scientific). Digested DNA was gel purified (K0691; Thermo Scientific), and PCR products were ligated into pHW2000 using T4 DNA ligase (M0202; New England Biolabs).
Mutant PB1 and PA segments were generated in the pHW2000 vector backbone by overlapextension PCR (56) . Two rounds of PCR were performed using Phusion high-fidelity DNA polymerase with pHW2000 plasmids encoding either PB1 or PA from the PR8 virus as a template, the inner mutagenic primers for PB1 D27N (forward [Fwd] , 5=-CCCTTATACTGGAAACCCTCCTTACAGC-3=; reverse [Rev], 5=-GCT GTAAGGAGGGTTTCCAGTATAAGGG-3=) PB1 V43I (Fwd, 5=-CACCATGGATACTATCAACAGGACAC-3=; Rev, 5=-GTGTCCTGTTGATAGTATCCATGGTG-3=), PB1 T123A (Fwd, 5=-GTAGACAAGCTGGCACAAGGCCGAC-3=; Rev, 5=-GTCGGCCTTGTGCCAGCTTGTCTAC-3=), PB1 M645I (Fwd, 5=-CAATGCAGTGATAATGCCAGCACA TGG-3=; Rev, 5=-CCATGTGCTGGCATTATCACTGCATTG-3=), and PA T97I (Fwd, 5=-CAGTATTTGCAACATTAC AGGGGCTGAG-3=; Rev, 5=-CTCAGCCCCTGTAATGTTGCAAATACTG-3=) and the outer primers containing AarI or BsmBI restriction sites for PB1 (Fwd, 5=-TATTCACCTGCCTCAGGGAGCGAAAGCAGGCA-3=; Rev, 5=-ATATCACCTGCCTCGTATTAGTAGAAACAAGGCATTT-3=) and PA (Fwd, 5=-TATTCGTCTCAGGGAGCGAAA GCAGGTAC-3=; Rev, 5=-ATATCGTCTCGTATTAGTAGAAACAAGGTACTT-3=). Two first-round PCRs using Fwd inner primers with Rev outer primers and Rev inner primers with Fwd outer primers were performed. The products of these reactions were purified using a GeneJET PCR purification kit (K0701; Thermo), mixed, and used as the templates for a second-round PCR using only the outer primers. Full-length PB1 and PA genes were gel purified, digested, and cloned into pHW2000 plasmid as described above. PB1 containing a neutral genetic barcode was created in the same manner using the inner mutagenic primers 5=-GAT CACAACTCATTTCCAACGGAAACGGAGGGTGAGAGACAAT-3= and 5=-ATTGTCTCTCACCCTCCGTTTCCGTTG GAAATGAGTTGTGATC-3=. In each plasmid clone, the presence of the desired mutation(s) and the absence of second-site mutations were verified by sequencing of the entire influenza virus segment.
A pPOLI vector encoding enhanced green fluorescent protein (eGFP) with influenza virus HA packaging sequences (ΔHA-GFP) was kindly provided by Luis Martinez-Sobrido (University of Rochester). This construct contains eGFP flanked by the 78 3=-terminal bases (33 noncoding, 45 coding) and 125 5=-terminal bases (80 coding, 45 noncoding) of the influenza virus A/WSN/33 H1N1 HA segment and lacks the HA translation initiation codon (57) . QuikChange II site-directed mutagenesis (200523; Agilent Technologies) was used to generate 12 mutant ΔHA-GFP constructs with primers 5=-CTCGTGACCACCCTGϽmutant sequenceϾGTGCAGTGCTTCAGC-3= and 5=-GCTGAAGCACTGCACϽmutant sequence=ϾCAGGGTGGTCACGA G-3=, where "Ͻmutant sequenceϾ" corresponds to the sequences ACCTACGAC for A-to-G mutation rate assessment, ACCCACGGC for C to U mutation rate assessment, ACCTGCGGC for G-to-A mutation rate assessment, and ATATACGGC for U-to-C mutation rate assessment and "Ͻmutant sequence=Ͼ" is its reverse complement.
Viruses were rescued from plasmid transfections of MDCK and 293T cocultures. pHW2000 plasmids carrying all eight influenza virus genome segments were mixed (500 ng each) in Opti-MEM (31985062; Gibco) with 8 l of TransIT-LT1 (2300; Mirus) and incubated at room temperature for 30 min. Mixtures were added to 12-well plates seeded the previous day with 2 ϫ Ribavirin {1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-1H-1,2,4-triazole-3-carboxamide} (R9644; Sigma-Aldrich) was dissolved in phosphate-buffered saline (PBS) at 100 mM. 5-Fluorouracil (2,4-dihydroxy-5-fluoropyrimidine) (F6627; Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) at 384 mM. 5-Azacytidine [4-amino-1-(␤-D-ribofuranosyl)-1,3,5-triazin-2(1H)-one] (A2385; Sigma-Aldrich) was dissolved in DMSO to make a stock at 100 mM. Aliquots of these drug stocks were stored at minus 20°C.
Mutagen sensitivity assay. Viral medium containing ribavirin, 5-azacytidine, or 5-fluorouracil was added to 24-well plates that had been seeded with 6.5 ϫ 10 4 MDCK cells the previous day. After 3 h of drug treatment, cells were infected with 1.5 ϫ 10 4 PFU of virus (MOI of 0.1) in 300 l of viral medium containing drug. After 1 h, the inoculum was removed and 500 l of viral medium containing drug was added. Twenty-four hours after infection, cell-free supernatants were harvested by adding 0.5% glycerol, centrifuging for 5 min at 3,000 ϫ g, and freezing at Ϫ80°C. Infectious viral titers were measured by 50% tissue culture infective dose (TCID 50 ) assay, with all wells scored for cytopathic effect (CPE) at 4 days (58).
Growth curves. Parallel cultures of MDCK cells were infected with influenza virus at an MOI of 0.1 in 24-well plates. At set time points after infection, the supernatants (extracellular viral genomes) or cells (intracellular viral genomes) from single wells were frozen. RNA was harvested from supernatants using Purelink Pro 96 viral RNA/DNA kit (12280; Invitrogen) and from cells using a Purelink Pro 96 RNA kit (12173011A). The number of M genome segments was measured by quantitative RT-PCR as described below (see "Specific infectivity assay").
Competition assay. Mutant PB1 or PA virus populations were mixed with PR8 virus populations containing a neutral genetic barcode at equivalent TCID 50 titers. The barcode consists of a series of synonymous mutations in the PB1 open reading frame. The mutations were introduced by Quickchange site-directed mutagenesis with pPolPB1_555f (5=-GATCACAACTCATTTCCAACGGAAACGGAGGGTGAGAG ACAAT-3=) and pPolPB1-555r (ATTGTCTCTCACCCTCCGTTTCCGTTGGAAATGAGTTGTGATC). Additional details on its construction and selective neutrality have been reported previously (15) . Viral mixtures were used to infect 4 ϫ 10 5 MDCK cells in a 12-well plate at an MOI of 0.01. After 24 h, supernatants were harvested and passaged 3 more times on MDCK cells at an MOI of 0.01. All competitions were performed with three biological replicates. Viral RNA was harvested from the supernatants of all passages using a Purelink Pro 96 viral DNA/RNA kit (12280; Invitrogen). SuperScript III and random hexamers were used to generate cDNA. Quantitative PCR was used to determine the relative amount of total PB1 (primers 5=-CAG AAAGGGGAAGATGGACA-3= and 5=-GTCCACTCGTGTTTGCTGAA-3=), barcoded PB1 (primers 5=-ATTTCCAACG GAAACGGAGGG-3= and 5=-AAACCCCCTTATTTGCATCC-3=), and nonbarcoded PB1 (primers 5=-ATTTCCAAC GGAAACGGAGGG-3= and 5=-AAACCCCCTTATTTGCATCC-3=) in each sample. The quantities of barcoded and nonbarcoded PB1 genome segments at each passage were normalized by subtracting the threshold cycle (C T ) for the total PB1 primer set: ΔC T ϭ C T competitor Ϫ C T total PB1 . A relative ΔC T was obtained by comparing these values at each passage to the initial P0 viral mixture: ΔΔC T ϭ ΔC T P1 Ϫ ΔC T P0 ). The relative ΔCT was converted to the fold change in genome copies: Δratio ϭ 2 ϪΔΔCT . The slope of the differences between the log 10 Δratios of the two viruses as a function of the passage number is equal to the log 10 relative fitness of the nonbarcoded virus: (log 10 Δratio nonbarcoded Ϫ log 10 Δratio barcoded )/ passage (15) .
Specific infectivity assay. RNA was extracted from the supernatants of virally infected cells using either TRIzol reagent (15596; Life Technologies, Inc.) or a Purelink Pro 96 viral RNA/DNA kit (12280; Invitrogen). SuperScript III (18080; Invitrogen) was used to synthesize cDNA using random hexamers. Quantitative PCR was performed on a 7500 Fast real-time PCR system (Applied Biosystems). SuperScript III RT/Platinum Taq (Thermo 2574030) was used with the primers 5=-GACCRATCCTGTCACCTCTGAC-3= and 5=-AGGGCATTYTGGACAAAKCGTCTA-3=, and the TaqMan probe 6-carboxyfluorescein (FAM)-TGCAGTCCT CGCTCACTGGGCACG-3= with Blackhole Quencher 1 with an annealing temperature of 55°C for M segment copy number measurement. Quantification of cDNA copy number based on threshold cycle (C T ) values was performed using standard curves from 10-fold dilutions of plasmid containing the M gene of A/Puerto Rico/8/1934 H1N1. The ratio of the infectious titer per milliliter to the genome copy number per milliliter is the specific infectivity of the sample.
Mutation rate assay. Twenty-four wells containing 1.2 ϫ 10 4 MDCK-HA cells were infected with 400 TCID 50 of influenza viruses encoding mutant ΔHA-GFP segments in viral medium. Supernatants were transferred to black 96-well plates (6005182; PerkinElmer) containing 1.5 ϫ 10 4 MDCK cells and 50 l of viral medium at 17 to 23 h postinfection, depending on the mutation class and drug treatment. Two wells were infected with virus equivalent to the amount used to initially infect the parallel cultures. These wells were used to determine N i (initial population size) in the mutation rate calculation. After 14 h, cells were fixed using 2% formaldehyde for 20 min. Cells were rinsed with PBS and permeabilized using 0.1% Triton-X-100 for 8 min. After rinsing again, nonspecific antibody binding sites were blocked using 2% BSA in PBS containing 0.1% Tween 20 (PBS-T) for 1 h. Cells were stained with 1:5,000 Hoechst (33342; Life Technologies, Inc.) and 1:400 anti-GFP-Alexa 647 conjugate (A31852; Life Technologies, Inc.) diluted in 2% BSA in PBS-T for 1 h. After three washes with PBS-T, the plates were sealed with black tape prior to removal of the final wash. Plates were imaged using an ImageXpress Micro (Molecular Dynamics) using DAPI (4=,6-diamidino-2-phenylindole), Cy5, and fluorescein isothiocyanate (FITC)-specific filter cubes with a ϫ4-magnification lens. The entire surface area of each well was imaged using four nonoverlapping quadrants. MetaXpress version 6 software (Molecular Dynamics) was used to count cellular nuclei and antibody-stained cells. Cells expressing fluorescent GFP were manually counted from the collected images (13) .
A null-class Luria-Delbrück fluctuation test was used to calculate the mutation rates with the equation (s/n/r) ϭ Ϫln(P 0 )/(N f Ϫ N i ), where (s/n/r) is the mutation rate per strand replicated, P 0 is the proportion of cultures that do not contain a cell infected by a virus encoding fluorescent eGFP, and N f and N i are the final and initial viral population sizes, respectively, as determined by anti-GFP antibody staining (59, 60) . If the number of green cells in a culture was greater than 0.8 (N f /N i ), it was removed from the calculation because it likely contained a preexisting fluorescent revertant in the inoculum. Cultures with this many green cells were extremely rare due to the use of a small inoculum (N i ). The null class fluctuation test measurement is most precise when P 0 is between 0.1 and 0.7. As a result of lower titers from drug-treated viral cultures, not all of our measurements fell within this range. Replicates for which P 0 was greater than 0.7 are indicated in the mutation rate figures (Fig. 3 and 4) .
